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(54) Method and apparatus for regulating virtual-channel cell transmission 

(57) In order to schedule the transmission onto a link 
of cells associated with different virtual channels, a trans- 
mission schedule is set up associating virtual channels 
with respective transmission time slots. Each time a cell 
is sent, the corresponding virtual channel is re-allocated 
to a time slot that is offset from the current one by an 
amount dependent on the desired rate of transmission. 
This desired rate is specified for each virtual channel in 
a corresponding transmission rate indicator (69) com- 
prising a fixed integer part (70), a fixed fractional part 
(71). and a variable accumulation part (72). The fixed 
parts (70.71) of the indicator define the desired rate 
whilst the accumulation part (72) is used in calculating 
each successive offset. More particularly, to determine 
the offset of the time slot next to be allocated to a virtual 
channel, the three parts (70-72) of the corresponding 
transmission rate indicator (69) are added up and the 
integer component (74) of the result is used as the offset, 
the fractional remainder (75) being stored back to the 
accumulation part (72) of the transmission rate indicator. 
This arrangement permits a fine control to be achieved 
on the average transmission rate. A similar approach can 
be used to control the rate of credit generation in systems 
where transmit credits are used to regulate cell transmis- 
sion. 
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Description 

Field of the Invention 

The present invention relates to a method and appa- 
ratus for regulating the transmission of cells onto a link, 
the cells being associated with a plurality of different vir- 
tual channels; in particular, but not exclusively, the 
present invention relates to the regulation of cell trans- 
mission in ATM systems providing guarenteed band- 
width services. 

Background of the Invention 

ATM (Asynchronous Transfer Mode) is a multiplex- 
ing and switching technique for transferring data across 
a network using fixed sized cells that are synchronous in 
the sense that they appear strictly periodically on the 
physical medium. Each cell comprises a payload portion 
and a header, the latter including a label that associates 
the cell with an instance of communication between 
sending and receiving network end systems; this 
instance of communication may involve the transfer of 
many cells from the sending end system, possibly to mul- 
tiple receiving end systems. ATM is asynchronous in the 
sense that cells belonging to the same instance of com- 
munication will not necessarily appear at periodic inter- 
vals. 

In ATM, the labels appended to the cells are fixed- 
size context dependent labels, that is, they are only 
understandable in the light of context information already 
established at the interpreting network node, the label 
generally being replaced at one node by the label 
required for the next node. In other words, ATM is a virtual 
circuit technology requiring a set up phase for each 
instance of communication to establish the appropriate 
label knowledge at each node. 

The virtual circuit label for an ATM cell on a particular 
link is formed by a Virtual Path Indicator (VPI) and a Vir- 
tual Channel Indicator (VCI) present in the cell header. 
This label forms the basis on which the cell is routed at 
the next network node it encounters. Generally, in ATM 
parlance, a virtual circuit is called a "Virtual Channel" and 
the VPI fields can be thought of as identifying a group of 
virtual channels on a link whilst the VCI identifies a par- 
ticular virtual channel in that group. 

ATM technology is finding increasing popularity 
because it can offer an acceptable compromise in com- 
bining timeliness characteristics (normally associated 
with circuit switching technologies) and statistical advan- 
tage (associated with packet switching technologies). 
ATM holds out the prospect of a single transfer mode 
technology for carrying all traffic types, including voice, 
entertainment services, or computer traffic. This flexibil- 
ity of use is made available by offering different qualities 
of service (QOS) to the user, the chosen QOS then 
attaching to the virtual channel used for the communica- 
tion. The two main types of QOS are: 

a "best efforts" QOS where the ATM system 



does its best to deliver cells of the virtual channel con- 
cerned subject to first satisfying priority services - in 
other words, the system makes no guarantee regarding 
delivery rate; 

5 a "guaranteed bandwidth" QOS where the ATM 

system guarantees a certain bandwidth to the virtual 
. channel concerned. This guarantee is generally not a 
hard one - in other words, the term "guaranteed band- 
width" is intended to indicate a type of service that is 
ro offered as normally providing a particular transmission 
bandwidth rather than meaning that the technical service 
providing means will always meet the service level sub- 
ject of the guarantee. 

Where multiple guaranteed bandwidth virtual chan- 
75 nels are simultaneously operating over the same link, it 
becomes necessary to effect some sort of scheduling 
between channels having cells to transmit; a number of 
scheduling arrangements are known including a simple 
round-robin approach where each channel is taken in 
20 strict rotation. 

It is also necessary to ensure that a channel does 
not take up available bandwidth to a level way above its 
guarantee and to this end. it is well known to effect traffic 
shaping that limits the transmission rate of a channel. 
25 Many of the schemes for effecting traffic shaping utilise 
a so-called "leaky bucket" algorithm by which transmis- 
sion credits are built up at a steady rate and credits are 
then consumed as cells are sent. By placing a maximum 
size on the credit bucket, a limit can be placed on any 
30 cell burst resulting from the sudden availability of cells 
for a channel on which credit has been building for some 
time. 

It is possible to combine scheduling and traffic shap- 
ing. According to one known approach, a fixed-size cir- 
35 cular list is provided and each channel is inserted one or 
more times in fixed locations in the list: taking each list 
entry in turn provides both scheduling and a fixed band- 
width for each channel, this bandwidth being propor- 
tional to the number of times a channel is present in the 
40 list This approach, however, lacks flexibility. 

In another approach, described in our co-pending 
European Patent Application No. 94410045.2. a fixed- 
size circular list is again used to hold in its slots the iden- 
tity (as specified by a virtual channel number or "VCN") 
45 of each channel on which cells are to be sent; however, 
the assignment of VCNs to slot is not permanent but 
changes dynamically. More particularly, in operation the 
list is advanced through slot by slot and each VCN 
encountered is processed to cause the transmission of 
so a cell for the corresponding virtual channel; at the same 
time, the list is updated by freeing the current slot and 
inserting back into the list any VCN that occupied the slot 
if that VCN relates to a virtual channel with another cell 
to transmit. This insertion is effected at an offset from the 
55 slot previously occupied by the VCN. dependent on the 
transmission rate required for the virtual channel con- 
cerned (and subject to a conflict resolution procedure). 
Whilst this approach is more flexible than that previously 
described, the use of an offset of fixed value has the 



EPO 700 186 A1 



effect that only certain transmission rates can be 
achieved - for example with an offset of two slots, a chan- 
nel will occupy half the available bandwidth whilst with 
an offset of one, it will occupy all the bandwidth (assum- 
ing it is allowed to do so). 

It is an object of the present invention to permit finer 
control of transmission rates than possible in the 
arrangements referred to above. 

Summary o f the Invention 

According to one aspect of the present invention, 
there is provided a method of controlling the rate of trans- 
mission of cells onto a link, the cells being associated 
with a plurality of different virtual channels and being 
transmitted onto the link in respective transmission time 
slots according to a transmission schedule associating 
transmission time slots and virtual channels; the method 
comprising the steps of : 

(a) - providing for each virtual channel a transmis- 
sion rate indicator having a fixed integer part, a fixed 
fractional part, and a variable accumulation part; 

(b) - each time a cell is transmitted on the link in 
respect of a particular virtual channel according to 
the transmission schedule, determining for that vir- 
tual channel, at least in the case that another cell is 
available for sending on that channel, the next time 
slot for transmitting a cell for the channel, this deter- 
mination involving: 

-- adding together the three parts of the trans- 
mission rate indicator for the channel concerned 
to produce a result with an integer component 
and a fractional remainder; 

- using the integer component of the result to 
set said offset: and 

- storing the fractional remainder as the accu- 
mulation part of the transmission rate indicator 
for the virtual channel concerned; and 

(c) - updating the transmission scheduleby using the 
offset determined in step (b). in determining the next 
time slot in which a cell is to be transmitted for the 
virtual channel concerned, and then associating that 
time slot with that channel. 

As a result of this approach, it is possible to achieve 
a finer control of transmission rate. Thus, for example, 
where it is desired to allocate two-thirds of the link band- 
width to a particular virtual channel, this can be done by 
setting the integer part of the transmission rate indicator 
to one and the fractional part to one half; the slot offset 
value will then alternate between one and two so that for 
every three time slots, two will be used for the virtual 
channel concerned. 

Preferably, the integer and fractional parts of each 
transmission rate indicator are directly stored as num- 
bers representing whole and partial time slots respec- 



tively. However, it is also possible to store the integer and 
fractional parts jointly in the form of a number represent- 
ing the transmission rate it is desired to achieve, this 
number being converted into units and fractions of time 
s slots when determining the slot offset. 

In step (c), should the slot indicated by the offset 
determined in step (b) be already associated with a 
channel, then a conflict resolution procedure is entered 
into (for example, the next free slot may simply be taken 
10 or a more complex procedure employed based on prior- 
ities pre-assigned to the channels). 

The present invention also encompasses the provi- 
sion of apparatus implementing the foregoing method. 
More particularly, according to the present invention 
15 there is provided apparatus for transmitting a stream of 
cells onto a link, the cells being associated with a plurality 
of different virtual channels each of which is identified in 
the apparatus by a respective virtual-channel identifier, 
herein "VCN"; the apparatus including a scheduler for 
20 scheduling the transmission of cells of each virtual chan- 
nel, the scheduler comprising: 

- storage means for storing for each virtual channel 
a transmission rate indicator having a fixed integer 

25 part, a fixed fractional part, and a variable accumu- 
lation part; 

- list means for maintaining a list having a number 
of entry slots each capable of storing a single VCN, 
the list containing the VCNs of virtual channels with 

30 cells to transmit; 

-- control means for advancing through the list slot 
by slot and, if a VCN is found in the current slot of 
interest, responding thereto by transmitting a cell of 
the corresponding virtual channel, the control 
35 means being further operative to remove the VCN, 
if any, in the current slot of interest, and to re-insert 
the VCN in a slot offset ahead of the current slot by 
an predetermined offset amount, the control means 
including determination means for determining said 
40 offset amount, thedetermination meanscomprising: 

means for adding together the three parts of the 
transmission rate indicator for the channel con- 
cerned to produce a result with an integer com- 
45 ponent and a fractional remainder, 

- means for setting the offset amount in depend- 
ence on the integer component of the result, and 
means for storing the fractional remai nder back 
into the storage means as the accumulation part 
so of the transmission rate indicator for the virtual 

channel concerned; 

the control means further including conflict resolu- 
tion means for resolving conflicts arising from the 
55 slot that is offset from the current one by said pre- 
determined offset, being already occupied by a 
VCN. 
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The same general concept may also be applied to 
credit generation in systems where cell transmission is 
dependent on the availability of transmit credit tor the vir- 
tual channel concerned; in this case, the rate of credit 
generation may be controlled in a manner similar to that 5 
disclosed above for controlling ceil transmission rate. 
Thus, according to further aspect of the present inven- 
tion, there is provided a method of controlling the rate of 
transmit credit generation in a system in which cells 
associated with a plurality of different virtual channels w 
are transmitted onto a link in respective time slots, the 
transmission of cells for a particular virtual channel being 
dependent on the availability of transmit credits for that 
channel; the method comprising the steps of: 

15 

(a) - providing for each virtual channel a credit-gen- 
eration rate indicator having a fixed integer part, a 
fixed fractional part, and a variable accumulation 
part; 

(b) - maintaining a list having entry slots for storing 20 
identifiers of the virtual channels to which credit is 

to be allocated; and 

(c) - advancing through said list at a predetermined 
slot rate and each time a said identifier is encoun- 
tered, increasing the transmit credit level of the cor- 2s 
responding virtual channel and reinserting said 
identifier in the list at a forward offset determined 
according to the following sub-steps: 

-- adding together the three said parts of the 30 
credit-generation rate indicator for the channel 
concerned to produce a result with an integer 
component and a fractional remainder; 
~ using the integer component of the result to 
set said offset; and 35 
- storing said fractional remainder as the said 
accumulation part of the said credit-generation 
rate indicator for the virtual channel concerned. 

a conflict resolution procedure being carried out in *o 
the event that the position in said list indicated by 
said forward offset is already occupied. 

It is also possHe to control the rate of credit gener- 
ation, not by varying the interval between the credit gen- 45 
eration events, but by varying the size of credit increment 
at each such event Thus according to a still further 
aspect of the present invention, there is provided a 
method of controlling the rate of transmit credit genera- 
tion in a system in which cells associated with a plurality 50 
of different virtual channels are transmitted onto a link in 
respective time slots, the transmission of cells for a par- 
ticular virtual channel being dependent on the availability 
of transmit credits for that channel; the method compris- 
ing the steps of: ss 

(a) - providing for each virtual channel a credit-incre- 
ment size indicator having a fixed integer part, a 



fixed fractional part, and a variable accumulation 
part; and 

(b) - at regular intervals, incrementing the transmit 
credit level of each virtual channel by a respective 
increment amount determined for that incrementing 
operation according to the following sub-steps: 

- adding together the three said parts of the 
credit-increment size indicator for the channel 
concerned to produce a result with an integer 
component and a fractional remainder; 

-- using the integer component of the result to 
set said increment amount; and 
-- storing said fractional remainder as the said 
accumulation part of the said credit-increment 
size indicator for the virtual channel concerned. 

In more general terms, the present invention may be 
expressed as a method of regulating the transmission of 
cells onto a link, the cells being associated with a plurality 
of different virtual channels, the method comprising the 
steps of: 

(a) - providing for each virtual channel a control data 
item having a fixed integer part, a fixed fractional 
part, and a variable accumulation part: 

(b) • periodically determining for each virtual channel 
a control number, this determination involving: 

-- adding together the three said parts of the 
control data item for the channel concerned to 
produce a result with an integer component and 
a fractional remainder; 

- using the integer component of the result to 
set said control number; and 

- storing said fractional remainder as the said 
accumulation part of the said control data item 
for the virtual channel concerned; and 

(c) - regulating cell transmission for the virtual chan- 
nel concerned according to the value of the said con- 
trol number determined in step (b) for that virtual 
channel. 

Brief Description of the Drawings 

A guaranteed-bandwidth scheduler embodying the 
invention and for scheduling the transmission of cells of 
guaranteed-bandwidth virtual channels, will now be par- 
ticularly described, by way of non-limiting example, with 
reference to the accompanying diagrammatic drawings 
in which: 

Figure 1 is a functional block diagram of a scheduler 
for scheduling the transmission of cells for m 
a host system onto a link via a send inter- 
face: 
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Figure 2 is a functional block diagram of a guaran- 
teed bandwidth schedular block of the Fig- 
ure 1 scheduler; 

Figure 3 is a state transition diagram showing the 
states of a virtual channel as managed by 
the Figure 1 scheduler; 

Figure 4 is a flow chart illustrating the operation of a 
list entry processor of the guaranteed- 
bandwidth scheduler of Figure 2; and 

Figure 5 is a diagram of a transmission rate indicator 
maintained for each virtual channel, the 
transmission rate indicator being used by 
the fist entry processor to control the rate of 
cell transmission for the virtual channel con- 
cerned. 

Best Mode for Carrying out the Invention 



their scheduling is made subservient to the scheduling 
of guaranteed bandwidth (GB) virtual channels. 

With regard to the scheduling of GB virtual channels, 
a priority level is allocated to each such channel from a 

s limited number of possible levels (in the present exam- 
ple, there are three possible levels, namely low. medium 
and high priority levels). As will be more fully described 
hereinafter, these priority levels are used to assist in 
resolving scheduling conflicts. 

io It is also worth noting at this stage that each GB vir- 
tual channel can be stopped (that is, suspended rather 
than taken down) and started: furthermore, even when 
not stopped, a virtual channel may not be actively run- 
ning as it may be waiting for cells to become available. 

15 All GB virtual channels are therefore considered by the 
GB scheduler to be described hereinafter to have three 
possible states, namely: 



The guarenteed bandwidth scheduler now to be 
described with reference to Figures 1 to 4 forms the sub- 20 
ject matter of our co-pending European Patent Applica- 
tion No. 94410045.2 filed 28th June 1994. The 
application of the present invention to this scheduler is 
described with reference to Figure 5. 

Figure 1 shows a host system 1 0 arranged to trans- ss 
mit ATM cells associated with a plurality of different vir- 
tual channels onto a link 1 1 via a link adaptor comprising 
a scheduler 12 and a send interface 13. 



Quality of Service 

The host system 10 and link adaptor 12, 13 are 
arranged to handle virtual channels with three different 
qualities of service namely: 



30 



35 



a t>est efforts" (BE) quality of service for which no 
guarantee is given as to bandwidth availability; 
a first guaranteed bandwidth' (GB0) quality of serv- 
ice for which the scheduler 12 seeks to guarantee 
transmission of cells at a particular rate subject to <w 
cell availability, no credit being allowed for periods 
when cells are not available: and 
a second 'guaranteed bandwidth' (GB1) quality of 
service for which the scheduler 12 seeks to guaran- 
tee transmission of ceils at a particular rate ('sustain' 45 
rate) when cells are continuously available but for 
which the scheduler will also seek to give credit for 
periods when cells are not available by accumulating 
credit tokens during such periods and then when 
cells are available effecting transmission at a higher 50 
rate ('peak' rate) according to the credit available, up 
to a predetermined number of cells (the 'burst' limit). 

The present invention is concerned with the sched- 
uling of guaranteed bandwidth virtual channels (that is. 55 
virtual channels with either a GBO or GB1 quality of serv- 
ice) and accordingly a detailed description will not be 
given herein as to how best effort virtual channels are 
organised for transmission other than to describe how 



a STOP state in which the virtual channel is sus- 
pended; 

a WAIT state in which the virtual channel is not sus- 
pended but is awaiting the arrival of cells to send, 
and; 

a RUN state in which the virtual channel is not sus- 
pended and has cells to send. 

In addition, GB1 virtual channels have a fourth state: 

an ACCUM state in which the virtual channel is not 
suspended but has no cells to send and is accumu- 
lating credits to enable it to transmit at its peak rate 
when cells are available. 

These states are shown in the state transaction dia- 
gram of Figure 3 which will be described in more detail 
hereinafter (the same diagram being usablefor both GBO 
and GB1 virtual channels). 



General Arrangement 

Returning to a consideration of Figure 1 , within the 
host system 10 and link adaptor each virtual channel is 
identified by a respective virtual channel number (VCN). 

The host system 1 0 is responsible for controlling the 
setting up and taking down of virtual channels. For each 
virtual channel the host system 10 stores the cells to be 
transmitted in a cell memory 14 and keeps a respective 
queue of cell pointers for these cells in a queue block 1 5. 
When the queue block 15 is prompted with a VCN, it 
takes the head pointer from the queue of cell pointers for 
the virtual channel identified by that VCN, and uses the 
pointer to access the corresponding cell in the memory 
14. This cell is then output on a bus 1 7. 

The host system 10 keeps the scheduler 12 
informed of which virtual channels currently exist, 
whether or not they are stopped, and when more cells 
become available for a virtual channel previously await- 
ing cells. This information is transferred using commands 
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passed over a command interface 18. For GB virtual 
channels, these commands comprise: 

GBSETUP - notifies the scheduler of a new virtual chan- 
nel and passes it the relevant quality of serv- 
ice parameters for the channel; 

GBSTART • enables transmission for a specified virtual 
channel; 

GBSTOP - disables (stops) transmission for a speci- 
fied virtual channel; 

GBCELLS - notifies the scheduler that more cells have 
become available for transmission; 

GBRESET - effectively removes a virtual channel from 
the scheduler. 

Similar commands also exist for BE virtual channels: 
indeed, the commands are generally the same except 
for the contents of the SETUP command. However, as 
the present description is concerned with GB virtual 
channels, the commands for BE channels will not be fur- 
ther considered. 

The scheduler 12 is responsible for determining the 
identity of the virtual channel for which a cell is next to 
be transmitted on the link 1 1 . The schedule 1 2 identifies 
the virtual channel to the send interface 13 by passing it 
the VCN of the virtual channel over connection 19. 

The send interface 13 uses this VCN to access the 
queue block 15 of the host system 10 over a connection 
16, resulting in the output on the bus 17 of the next cell 
to be sent on the virtual channel concerned. The send 
interface then transmits the cell received over bus 1 7 
onto the link 1 1 . If no more cells are available for the vir- 
tual channel concerned, this is indicated to the send 
i nterface 1 3 by the queue block 1 5 and the send interface 
13 in turn informs the scheduler 12 over line 20. 

The Scheduler 12 

Considering next the scheduler 12 in more detail, 
this includes a VC parameter memory 24 for storing qual- 
ity of service parameters of each GB virtual channel noti- 
fied to the scheduler by the GBSETUP command and 
not yet removed by the GBRESET command. Details of 
these parameters will be given hereinafter with reference 
to Figure 3. 

The main functional block of the scheduler 12 is a 
guaranteed bandwidth (GB) scheduler block 25 opera- 
tive to determine on which GB virtual channel, if any, a 
cell should be transmitted in a current cell transmit 
period. The cell period timing is determined for the 
scheduler 12 by a timer 26. The key elements of the GB 
scheduler block 25 are a circular list or table 27 contain- 
ing a predetermined number of entry slots each capable 
of holding a single VCN, and a current-slot tracker 28 
keeping track of the list entry slot currently of interest. 
The current-slot tracker is advanced at the start of every 
cell transmit period to point to the next entry slot of the 
list 27. Every GB virtual channel with a cell to send has 
its VCN inserted in a respective entry slot of the list 27. 



there being only one entry per virtual channel. As each 
table entry slot becomes the current slot, if it contains 
the VCN of a virtual channel with cells to send, then this 
VCN is output from the scheduler 1 2 to the send interface 

5 13 to cause a cell to be sent on that virtual channel; at 
the same time, the VCN is moved forward in the table by 
a number of slots dependent on the transmission rate 
guarantee, as will be more fully described hereinafter. 
If the current slot of the table 27 does not contain the 

to VCN of a virtual channel with cells to send, then the 
scheduler 12 is arranged to cause the sending of a cell 
on a BE virtual channel. This is implemented by activat- 
ing a best effort organiser block 30 for the relevant cell 
transmit period, this block determining the BE virtual 

is channel on which a cell is to be sent and outputting the 
VCN of this channel to the send interface 13. 

Of a greater priority in the scheduler 12 than the GB 
scheduler block 25, is a command processor block 31 . If 
a command is awaiting processing, then the next one (or 

20 more) cell periods are dedicated in the scheduler 12 to 
this processing: the cell periods concerned are not there- 
fore cell transmit periods and the current-slot tracker 28 
in the GB scheduler block 25 is accordingly not 
advanced. 

25 A main control block 33 determines which of the 
three blocks 31, 25. 30 (command processor 31, GB 
scheduler block 25, best effort organiser 30) is active in 
each cell period. Thus, at the start of each cell period 
(indicator by the main timer 26). the main control block 

30 33 determines whether a command is awaiting process- 
ing by the command processor 31 - see block 34 of the 
small flow chart contained within block 33 in Figure 1 If 
a command is awaiting processing, the command proc- 
essor 31 is activated for the current cell period. However. 

35 if no command is waiting to be processed, the main con- 
trol block 33 causes the current slot tracker 28 to advance 
one slot in the list 27 (box 35); thereafter, if the new cur- 
rent slot is occupied, control passes to the GB scheduler 
25, otherwise, control passes to the best effort organiser 

to 30 (box 36). 

The Components for the GB Scheduler 25 

Figure 2 shows the structure of the GB scheduler 25 
45 in more detail. In addition to the circular list 27 and cur- 
rent-slot tracker 28. the GB scheduler 25 comprises a list 
entry processor 40 and a list update block 41 . 

The scheduler 25 may also conceptually be consid- 
ered as including the VC parameter memory 24, at least 
so to the extent that the latter holds data on GB virtual chan- 
nels. For each GB virtual channel, the memory 24 main- 
tains an entry 42 accessible by using the VCN of the 
virtual channel concerned. Bach GB entry 42 comprises 
the following fields: 

55 

ON/OFF - this is a flag field set to 0 COFF 1 ) by the 
command processor 31 to stop the vir- 
tual channel concerned. 
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PRIORITY - thisf ield indicates the priority level (low 
medium or high) of the GB virtual chan- 
nel: 

STATE - this field indicates the current state of 

the virtual channel (STOP, WAIT, RUN 
and, for GB1 channels, ACCUM); 

NO-CELLS - this field is used to indicate whether 
cells are awaiting transmission for a vir- 
tual channel; 

GBTYPE - indicates whether the virtual channel 
is of type GBO or GB1 : 

PEAK RATE -this field contains the peak rate param- 
eter (PRP) that determines the trans- 
mission rate for GBO virtual channels 
and for GB1 channels with credit avail- 
able; 

PRM - this field specifies how the PRP field 

should be interpreted (applicable where 
more than one format is available for 
specifying peak rate); 

SUSTAIN RATE - this field contains the sustain rate 
parameter (SRP) that determines the 
transmission rate for GB1 virtual chan- 
nels that have no credit for sending at 
their peak rates; the SRP also deter- 
mines the rate at which credit can be 
accumulated by a GBl virtual channel 
awaiting cells to send; 

SRM -thisfieldspecifieshowtheSRPshould 
be interpreted (applicable where more 
than one format is available for specify- 
ing sustain rate); 

CREDIT - this field is used to keep a count of the 
credit accumulated by a GB1 virtual 
channel whilst awaiting a cell to send; 

BURST TOL - this field specifies the burst tolerance 
(BT) of a GB virtual channel, that is. the 
maximum number of celts that a GB1 
virtual channel may send consequently 
at peak rate. 

Each entry 42 is created in response to a GBSETUP 
command being received by the command processor 3 1 , 
and is removed in response to a GBRESET command 
being received by the command processor 31. During 
the currency of a GB virtual channel, the fields ON/OFF. 
STATE and NO-CELLS are modifiable by the command 
processor 31 and/or the list entry processor 40. 

With reference to the circular list 27, the size 
(number of slots N) of this list is related to the minimum 
transmission rate that is to be supported. This is 
because, as already mentioned, if the current slot con- 
tains a valid entry relating to a GB virtual channel with 
cells to send, then after processing of the entry, the vir- 
tual channel (that is, its VCN) is moved to a new slot in 
the list, offset from the current slot by an amount depend- 
ent on the required transmission rate for the channel; the 
maximum displacement between occurrences of a VCN 
will therefore correspond to the size N of the list. As a 



result, the minimum transmission rate supportable is 
(V N ) times the link transmission rate, which leads to : 



N= 



link transmission rate 
minimum transmission rate 



For example for a SONET OC3c link (transmission rate 
1 49.76 Mbps) and a minimum transmission rate require- 
ment of 64kbps, the list 27 should have 2340 slots. 
Shown in Figure 2 at 44 is the format of a list slot 

w entry. As can be seen, an entry 44 comprises two fields, 
namely a type field and a field holding the VCN of the 
virtual channel to which the entry relates. In fact, every 
slot contains an entry but only those with a type field of 
a value other than 00' are considered occupied - if the 

is type field is 00', the slot is taken to be free' and the VCN 
field invalid. The values of the type other than 00' are 
used to specify the priority level of the virtual channel 
indicated by the VCN field ('01 ' indicates low priority. '10' 
medium priority, and '1 1 ' high priority). 

20 The list update block 41 serves to insert a virtual 
channel (identified by its VCN) into the list 27 at the 
request either of the command processor 31 or of the list 
entry processor 40. This insertion is effected at an offset 
from the current list slot dependent on the transmission 

25 rate of the channel concerned, this rate being specified 
by the peak rate parameter PRP for GBO virtual channels 
and either the peak rate parameter PRP or the sustain 
rate parameter SRP for GB1 virtual channels (in the latter 
case the appropriate rate is identified by the requesting 

30 entity). 

The update block 41 comprises three functional ele- 
ments, namely an initial target determination element 45, 
an insert-if-free element 46. and a conflict resolution ele- 
ment 47. The initial target determination element 45 

35 determines into which slot (the target slot) the VCN 
should be inserted to give the offset from the current slot 
appropriate for the transmission rate specified by the rate 
parameter identified in the request to the update block 
41 . The insert-if-free element 46 then examines this tar- 

40 get slot and if it is free (as indicated by the type parameter 
of its entry 44), a valid entry is made in this slot. This is 
done by setting the type field to indicate the appropriate 
priority level for the VCN field and by inserting the VCN 
into the VCN field. If however, the target slot is already 

45 occupied by a valid VCN entry (a 'hit'), the conflict reso- 
lution element 47 is activated. This element 47 compares 
the priority levels associated with the occupying VCN 
entry and the VCN requiring insertion. If the latter has a 
higher priority level, it is inserted in the slot and the pre- 

so viously occupying entry now becomes the VCN requiring 
insertion; otherwise the occupying entry remains undis- 
turbed and the original VCN requiring insertion remains 
the VCN requiring insertion. The conflict resolution ele- 
ment 47 then passes the VCN requiring insertion back 

55 to the insert-if-free element 46 but with a new target slot 
specified, this new target slot being the previous target 
slot incremented by one. Processing by the elements 46 
and 47 is then effected iteratively until a free entry is 
found into which the VCN requiring insertion can be 
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placed without triggering operation of the conflict reso- 
lution element 47. 

The control of the operation of the GB scheduler 25 
is effected by the list entry processor 40. This operation 
will be described in the next section. 

Operation of the GB Scheduler 

The operation of the GB scheduler 25 will now be 
described with reference to the VC state transition dia- 
gram of Figure 3 and the flow chart of Figure 4. the latter 
showing the sequencing of operations effected by the list 
entry processor 40. 

The effect of the GB-related commands on the GB 
scheduler will first be considered. 

When a GBSETUP command is received by the 
command processor 31 to set up a new virtual channel, 
a VC entry is made in the VC parameter memory 24 with 
the ON/OFF flag set to OFF, the state of the virtual chan- 
nel set to STOP, and the NO-CELLS parameter set True; 
if the channel concerned is a GB1 virtual channel, its 
credit amount is set to the burst limit value BT No entry 
is made for the virtual channel at this time in the list 27. 

In due course, a GBSTART command will be 
received for the virtual channel. This command may have 
been preceded by a GBCELLS command causing the 
NO-CELLS parameter to be set False. If cells are avail- 
able, receipt of the GBSTART command by the com- 
mand processor results in the virtual channel state being 
changed to RUN and the update block 41 is requested 
by the command processor 31 to insert the virtual chan- 
nel into the list 27 at peak rate offset. On the other hand, 
if no cells are available when the GBSTART command is 
received, the state of the channel is simply set to WAIT. 

If the GBCELLS command is received when the vir- 
tual channel is in its WAIT state, the command processor 
31 sets the NO-CELLS parameter to FALSE, changes 
the state of the virtual channel to RUN. and requests the 
update block 41 to insert the virtual channel into the list 
27 at peak rate offset. If the GBCELLS command is 
received when the virtual channel (in this case, a GB1 
channel) is in its ACCUM state, the command processor 
31 sets the MO-CELLS parameter to FALSE and 
changes the state of the virtual channel to RUN (as the 
virtual channel is already in the list 27, the command 
processor does not request its insertion). 

When the command processor 31 receives the 
GBSTOP command for a virtual channel, it sets the 
ON/OFF flag of the corresponding VC entry 44 to OFF. 
The processor 31 does not however change the state of 
the virtual channel or remove any corresponding entry 
from the list 27; this is done in due course by the list entry 
processor 40. 

Finally, the GBRESET command results in the VC 
entry 44 for the specified virtual channel being reset 

Next the main operational task of the GB scheduler 
25 will be considered, this being the entry processing 
task effected during each cell period for which control is 
passed to the GB scheduler by the main control block 



33. This entry processing task is controlled by the entry 
processor 40, Figure 4 being a flow chart depiction of the 
control effected by the processor 40. 

The first operation carried out by the entry processor 
5 40 upon being handed control, is to read the VCN in the 
entry held in the current list slot pointed to by the current 
slot tracker 28; at the same time, the entry processor 
frees this entry by setting its type field to 00' (see block 
50 in Figure 4). Next, the processor 40 reads the relevant 
w VC parameters for the virtual channel concerned from 
the VC parameter memory 24 (block 51). 

Thefirst VC parameter considered by the entry proc- 
essor 40 is the ON/OFF parameter (block 52). If this 
parameter is set to OFF ( 0 ), then the processor recog- 
i5 nises that the virtual channel concerned has been sub- 
ject of a STOP command and the list entry just read is 
no longer valid. Accordingly, the processor 40 sets the 
state parameter for the channel to STOP in memory 24 
and initiates the sending of a best effort cell by the best- 
20 effort organiser 30 for the current cell period (block 53). 
Of course, the VCN just read from the list 27 is not re- 
inserted in the list. 

If the ON/OFF parameter indicates that the virtual 
channel is active, the entry processor then looks at the . 
25 current state of the channel (block 54). Intact, valid 
entries in the list 27 can only relate to virtual channels in 
the RUN state or, additionally for GB1 channels, in the 
ACCUM state. 

If the state parameter is set to ACCUM thereby indi- 
30 eating a GB1 virtual channel that has no cells to send 
but is accumulating credit, the entry processor 40 will 
next increment the credit value held in the credit field of 
the VC entry 42 for the channel concerned (block 55). If 
the total credit now equals the burst tolerance value BT 
35 (tested in block 56), the virtual channel state is changed 
to WAIT (block 57) and the VCN of the channel is not 
inserted back into the list 27. However, if the credit value 
is less than BT, the virtual channel is left in its ACCUM 
state and is reinserted in the list 27 at an offset deter- 
to mined by the SRP parameter; this reinsertion is effected 
by the update block 41 in the manner already described, 
at the request of the entry processor (block 58) . The final 
step of dealing with a virtual channel in its ACCUM state, 
is to initiate the sending of a best effort cell by the best 
45 effort organiser 30 for the current cell period (block 53) . 
For a virtual channel found to be in its RUN state 
(block 54 test), the entry processor 40 initiates the send- 
ing of a cell (block 54) by outputting the VCN of the chan- 
nel on line 19 to the send interface 13. Next, if the virtual 
so channel is a GB1 channel (tested in block 60) its credit 
count held in the corresponding entry in memory 24 is 
decremented, unless already zero. Thereafter, the entry 
processor 40 determines whether the VCN of the chan- 
nel should be re-inserted in the list 27. This involves 
55 determining if there are more cells remaining to be sent 
on the virtual channel (block 61 ); this information is avail- 
able by checking to see if a 'No More Ceils' signal has 
been supplied on line 20. In the case of there being more 
cells to send, then the VCN of the channel is reinserted 
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into the list 27 at an offset determined by the peak rate 
parameter, PRP (block 63) except for GB1 channels with 
no credit (tested for in block 62) which are inserted at an 
offset determined by the sustain rate parameter SRP 
(block 64). When there are no more cells available for 5 
sending, if the channel concerned is a GB1 channel 
(tested for in block 65), its state is set to ACCUM (block 
66) and its VCN is reinserted in list 27 at an offset deter- 
mined by the sustain rate parameter SRP (block 64) to 
enable the channel to accumulate credit. If the test in <o 
block 65 shows the channel to be a GBO channel, its state 
is set to WAIT (block 67) and its VCN is not reinserted in 
the list 27. 

The above described virtual-channel state transi- 
tions caused by the GB commands and by the actions is 
of the entry processor 40 are illustrated in Figure 3. 

It will be appreciated that the foregoing description 
is based on the functional components required of the 
scheduler and that these components may be imple- 
mented in any suitable manner. Intact, it will generally be 20 
desirable to implement the schedular in hardware in 
order to maximise throughput. 

It will also be appreciated that many variations are 
possible to the described arrangement and the functional 
sub-elements may be associated differently. For exam- 25 
pie, although in the described arrangement it is the entry 
processor 40 that frees each list slot, this freeing could 
be considered as being effected by a separate functional 
element. Again, the test carried in block 36 by the main 
control 33 of the scheduler could equally be effected by so 
the entry processor 40, the main control in this case 
merely determining whether the command processor 31 
is to be activated or whether control should be passed 
strainght to the guaranteed bandwidth scheduler 25. 

Another possible variant concerns the mechanism 35 
for determining when there are no cells remaining to be 
sent on a virtual channel. Rather than relying on feed- 
back over the lines 16 and 20. the VC entry 42 in the 
parameter memory 24 could be used to keep a count of 
the cells remaining to be sent, each GBCELLS command *o 
specifying the number of new cells available and incre- 
menting the cell count accordingly whilst the entry proc- 
essor 40 decrements the cell count each time it initiates 
the sending of a cell on the virtual channel concerned. 

45 

Transmission Rate P arameters 

As has already been described, the peak rate 
parameter PRP and sustain rate parameter SRP are 
used, as appropriate, by the initial target determination so 
element 45 to determine the offset between the current 
list slot and the slot next to be associated with the virtual 
channel for which a cell has just been sent, in order to 
given a desired rate of cell transmission. The format of 
the PRP and SRP fields in each GB entry 42 in the VC ss 
parameter memory 24 are specified by the fields PRM 
and SRM respectively. 

In one simple format, the PRP and SRP fields each 
specify a whole number of slots for frie offset. The draw- 



back with this arrangement is that as the desired rate 
increases, the control possible becomes coarser; in par- 
ticular, it is not possible to specify a rate between one 
half and the full link bandwidth (these two rates corre- 
sponding to a slot offset of two and one respectively). . 

To overcome this drawback, the PRP and SRP are 
preferably specified in a more complex format (indicated 
by the PRM and SRM fields), this format being diagram- 
matically depicted in Figure 5. In this case, the transmis- 
sion rate parameter (PRP or SRP) 69 comprises three 
parts, namely 

a fixed integer part 70. 
a fixed fractional part 71 , 
a variable accumulation part 72 

The fixed integer part 70 and fixed fractional part 71 
make up a rate number specifying the desired transmis- 
sion rate in terms of the corresponding slot offset 
expressed as whole and parts slots (it being understood 
that the term "integer" in "integer part", refers not to the 
manner of number representation, but to the fact that this 
part represents a whole number of slots). As will become 
clear below, the accumulation part 72 holds a number 
representing a fraction of a slot. 

Each time the initial target determination element 45 
is requested to determine a target slot offset for a virtual 
channel, it adds together (see 73) the rate number 70, 
71 and the accumulation part 72 of the appropriate trans- 
mission rate parameter. The integer component 74 of the 
result of this addition is then used to set the slot offset 
whilst the fractional remainder is stored back into the 
accumulation part 72. 

In this way. the offset can be caused to vary so as 
to achieve a desired transmission rate. For example, if 
the integer part 70 is set to one and the fractional part to 
a half, the slot offset will alternate between one and two. 
giving a cell transmission rate of two thirds of the link 
bandwidth. Similarly making the integer part two and the 
fractional part a half, gives a cell transmission rate of 40% 
of the link bandwidth. 

The transmission rate resolution achievable 
depends on the degree of precision permitted for speci- 
fying the three parts of the parameter 69. 
ft will be appreciated that the exact form of storage of the 
integer and fractional parts 70. 71 of the rate number is 
not critical provided it is possible to translate the stored 
data into whole and partial slots. 

In the scheduler of Figures 1 to 4 , the SRP is also 
used for GB1 virtual channels to control the rate of credit 
generation. It is thus clear that the same form of param- 
eter as illustrated in Figure 5 can be used to control credit 
generation; of course, this mechanism for controlling 
credit generation can be used independently of the cell 
transmission rate control mechanism. 

In fact credit rate generation can be controlled using 
a control data item similar to that shown in Figure 5. not 
only by varying the time between credit increment events 
(as described in the preceding paragraph) but also by 
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varying the size of credit increment. Thus, each virtual 
channel for which credit was to be accumulated, could 
have its credit level incremented at fixed regular inter- 
vals, the amount of the increment being the integer com- 
ponent of an addition effected across all three parts of a 
control data item of the Figure 5 form; in this case, how- 
ever, the integer and fractional parts of the items repre- 
sent whole and partial credits rather than slots. 

Claims 



1 . A method of regulating the transmission of cells onto 
a link, the cells being associated with a plurality of 
different virtual channels, the method comprising 
the steps of: ' 5 



(a) - providing for each virtual channel a control 
data item having a fixed integer part, a fixed frac- 
tional part, and a variable accumulation part: 

(b) - periodically determining for each virtual 
channel a control number, this determination 
involving: 



4. A method according to claim 3, wherein for each 
channel, each time step (b) is performed, a fixed 
credit increment is effected for the virtual channel 
concerned, the said control number determined in 

s step (b) being used to determine when step (b) is 
next to be performed for that virtual channel. 

5. A method according to claim 3, wherein for each 
channel, step (b) is carried out at regular intervals, 

io the resultant said control number being used to 
determine a size of credit increment for the channel 
concerned. 



20 



- adding together the three said parts of the 
control data item for the channel concerned 
to produce a result with an integer compo- 
nent and a fractional remainder; 

-- using the integer component of the result 
to set said control number; and 

- storing said fractional remainder as the 
said accumulation part of the said control 
data item for the virtual channel concerned; 
and 

(c) - regulating cell transmission for the virtual 
channel concerned according to the value of the 
said control number determined in step (b) for 
that virtual channel. 

A method according to claim 1 . wherein said cells 
are transmitted onto the link in respective transmis- 
sion time slots according to a transmission schedule 
associating transmission time slots and virtual chan- 
nels; step (b) being performed for a particular virtual 
channel each time a cell is transmittted onto the link 
in respect of that channel, and the control number 
thereby determined being used in step (c) to update 
the transmission schedule by seeking to set as the 
next time slot for transmitting a cell for the virtual 
channel concerned, a time slot offset from the cur- 
rent one by a number of slots corresponding to said 
control number. 

A method according to daim 1 . wherein the trans- 
mission of cells for a particular virtual channel is 
dependent on the availability of transmit credits for 
that channel, the said control number determined for 
each channel being used to regulate the rate at 
which credits are generated for the channel. 



A method of controlling the rate of transmission of 
cells onto a link, the cells being associated with a 
plurality of different virtual channels and being trans- 
mitted onto the link in respective transmission time 
slots according to a transmission schedule associ- 
ating transmission time slots and virtual channels; 
the method comprising the steps of: 



(a) - providing for each virtual channel a trans- 
mission rate indicator having a fixed integer 
part, a fixed fractional part, and a variable accu- 

25 mulation part: 

(b) - each time a cell is transmitted on the link 
in respect of a particular virtual channel accord- 
ing to said transmission schedule, determining 
for that virtual channel, at least in the case that 

30 another cell is available for sending on that 

channel, a desired next time slot for transmitting 
a cell for the channel, the said desired next time 
slot being determined in terms of its offset, in 
slots, from the current time slot, this determina- 

35 tion involving: 

•- adding together the three said parts of the 
transmission rate indicator for the channel 
concerned to produce a result with an inte- 
40 ger component and a fractional remainder ; 

- using the integer component of the result 
as said offset; and 

•- storing said fractional remainder as the 
said accumulation part of the said transmis- 
45 sion rate indicator for the virtual channel 

concerned; and 

(c) - updating the transmission schedule by 
using the offset determined in step (b), in deter- 
so mining the next time slot in which a cell is to be 
transmitted for the virtual channel concerned, 
and then associating that time slot with that 
channel. 

55 7. A method according to claim 6, wherein said integer 
and fractional parts of each said transmission rate 
indicator are directly stored as numbers represent- 
ing whole and partial time slots respectively. 
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A method according to claim 6, wherein the integer 
and fractional parts of each said transmission rate 
indicator are stored jointly in the form of a number 
representing the transmission rate it is desired to 
achieve, this number being converted into units and 5 
fractions of said time slots when determining said 
offset. 

A method according to claim 6, wherein said virtual 
channels are assigned respective priorities and in »o 
step (c), in the event of the slot indicated by said off- 
set being already associated with another virtual 
channel, a conflict resolution procedure is carried 
out based on the relative priorities of the channels 
concerned, the higher priority channel ending up is 
being associated with that slot and the lower priority 
channel being thereafter associated with the first 
subsequent slot available. 

. A method of controlling the rate of transmit credit 20 
generation in a system in which cells associated with 
a plurality of different virtual channels are transmit- 
ted onto a link in respective time slots, the transmis- 
sion of cells for a particular virtual channel being 
dependent on the availability of transmit credits for 2s 
that channel; the method comprising the steps of: 

(a) - providing for each virtual channel a credit- 
generation rate indicator having a fixed integer 
part, a fixed fractional part, and a variable accu- 30 
mulation part; 

(b) - maintaining a list having entry slots for stor- 
ing identifiers of the virtual channels to which 
credit is to be allocated; and 

(c) - advancing through said list at a predeter- 35 
mined slot rate and each time a said identifier is 
encountered, increasing the transmit credit level 
of the corresponding virtual channel and rein- 
serting said identifier in the list at a forward off- 
set determined according to the following sub- *o 
steps: 

- adding together the three said parts of the 
credit-generation rate indicator for the 
channel concerned to produce a result with 45 
an integer component and a fractional 
remainder; 

- using the integer component of the result 
to set said offset; and 

- storing said fractional remainder as the so 
said accumulation part of the said credit- 
generation rate indicator for the virtual 
channel concerned; 

a conflict resolution procedure being carried out ss 
in the event that the position in said list indicated 
by said forward offset is already occupied. 



11. A method of controlling the rate of transmit credit 
generation in a system in which cells associated with 
a plurality of different virtual channels are transmit- 
ted onto a link in respective time slots, the transmis- 
sion of cells tor a particular virtual channel being 
dependent on the availability of transmit credits for 
that channel; the method comprising the steps of: 

(a) - providing for each virtual channel a credit- 
increment size indicator having a fixed integer 
part, a fixed fractional part, and a variable accu- 
mulation part; and 

(b) - at regular intervals, incrementing the trans- 
mit credit level of each virtual channel by a 
respective increment amount determined for 
that incrementing operation according to the fol- 
lowing sub-steps: 

-- adding together the three said parts of the 
credit-increment size indicator for the chan- 
nel concerned to produce a result with an 
integer component and a fractional remain- 
der; 

- using the integer component of the result 
to set said increment amount; and 
-- storing said fractional remainder as the 
said accumulation part of the said credit- 
increment size indicator for the virtual chan- 
nel concerned. 

1 2. Apparatus for transmitting a stream of cells onto a 
link, the cells being associated with a plurality of dif- 
ferent virtual channels each of which is identified in 
the apparatus by a respective virtual -channel iden- 
tifier, herein "VCN"; the apparatus including a sched- 
uler for scheduling the transmission of cells of each 
virtual channel, said scheduler comprising: 

- storage means for storing for each virtual 
channel a transmission rate indicator having a 
fixed integer part, a fixed fractional part, and a 
variable accumulation part; 
-- list means for maintaining a list having a 
number of entry slots each capable of storing a 
single VCN. the list containing the VCNs of vir- 
tual channels with cells to transmit; 
-- control means for advancing through the list 
slot by slot and. if a VCN is found in the current 
slot of interest, responding thereto by transmit- 
ting a cell of the corresponding virtual channel, 
the control means being further operative to 
remove the VCN, if any, in the current slot of 
interest and to re-insert the VCN in a slot offset 
ahead of the current slot by an predetermined 
offset amount, the control means including 
determination means for determining said offset 
amount, said determination means comprising: 
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means for adding together the three said 
parts of the transmission rate indicator for 
the channel concerned to produce a result 
with an integer component and a fractional 
remainder, s 
means for setting said offset amount in 
dependence on the integer component of 
the result, and 

means for storing said fractional remainder 
back into said storage means as the said to 
accumulation part of the said transmission 
rate indicator for the virtual channel con- 
cerned; 

the control means further including conflict res- >s 
olution means for resolving conflicts arising 
from the slot that is offset from the current one 
by said predetermined offset, being already 
occupied by a VCN. 
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